Background: Assessment of receptors [estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2)] is routinely carried out on primary tumour in order to select appropriate adjuvant therapy; the same analysis is not carried out on nodal metastases. Since de novo resistance to therapy is common, we quantified differences in receptor expression between primary and nodal disease in order to assess whether this might contribute to therapeutic resistance.
introduction
Breast cancer is the most common cancer in the UK (excluding nonmelanoma skin cancer), with 46 000 new cases and 12 000 deaths per year [1] . In addition to pathological grade and stage, breast cancers are routinely assessed for hormone receptor status [estrogen receptor (ER) a] by immunohistochemistry (IHC) and human epidermal growth factor receptor 2 (HER2) expression by IHC or amplification by FISH [2] in order to guide the choice of the appropriate adjuvant therapy. Patients with ER-positive primary tumours are offered adjuvant hormone therapy, routinely tamoxifen for 5 years, while postmenopausal women may receive an aromatase inhibitor [3] . Patients with overexpression of HER2 are eligible for trastuzumab, a mAb that targets the Her2/neu receptor. However, 60% of patients derive no benefit from endocrine therapies, and only 30%-40% of trastuzumab patients benefit [4, 5] . Therefore, either de novo or acquired resistance is common. New tissue biomarkers are being actively sought in order to predict response based on underlying molecular biology [6] , but few of these, if any, are used in routine clinical practice [7, 8] .
Decisions regarding adjuvant therapy are based on the molecular pathology of the diagnostic core biopsy or resection specimen from the primary tumour. Receptor expression is assumed to be identical in corresponding nodal disease. If receptor expression levels in metastatic disease differ from the primary tumour (e.g. ER-positive breast to ER-negative node), this might be an important reason for treatment failure. Cancer is a complex disease which displays considerable heterogeneity at tumour and molecular level [9] , and a comprehensive analysis of the differences in receptor expression between primary and nodal disease is required.
Analysis of ER and HER2 expression levels is conventionally carried out using subjective human assessment of staining using the histoscore or simplified scoring systems (e.g. Allred), and despite evidence that such approaches can be robust [10] , novel high-throughput image analysis technologies offer the opportunity to produce accurate and reproducible results removing human error [10] [11] [12] [13] . In addition, analysis of progesterone receptor (PR) allows identification of 'triplenegative phenotype' (TNP) (ER2, PR2 and HER22), a surrogate for the basal-like molecular phenotype, which may be an important prognostic group amenable to novel targeted therapy and currently the subject of intensive study [14] . We therefore decided to quantitatively measure expression of therapeutically relevant proteins (ER, PR and HER2) in matched primary and nodal breast cancers on tissue microarrays (TMAs) constructed from a large series of 385 patients with primary breast cancer, 211 of which had paired nodal metastases. Using immunofluorescence on intact tissue sections allows quantitative measurement of proteins while maintaining spatial information provided by traditional IHC [15] .
The aims of this study were to (i) validate the quantitative expression of ER, PR and HER2 against traditional scoring methods, (ii) compare quantitative changes in ER, PR and HER2 expression between primary and nodal disease and (iii) compare changes in TNP between primary and nodal breast cancer.
patients and methods

study population and TMA construction
The study population originally consisted of 521 patients with primary breast carcinomas treated in the Edinburgh Breast Unit from 1999 to 2002 as previously described (Table 1 and [16] ). All received axillary lymph node dissection as part of surgery for a large or high-grade invasive breast carcinoma, in the absence of a known history of distant metastasis [16] . This study was approved by the Lothian Research Ethics Committee (08/ S1101/41) and MREC (04/S0709/16). All 521 surgical breast resections were matched with corresponding lymph nodes from axillary lymph node dissection, of which 334 contained metastases. After TMA construction, immunostaining, AQUAsition and AQUAnalysis, there were 385 primary and 211 nodal cancers remaining for statistical analysis. Six TMAs were constructed in biological triplicates using established techniques [17] .
immunofluorescence A detailed description of the AQUA HistoRx methodology is available elsewhere [15, 18] . Briefly, antigen retrieval was carried out using heat treatment under pressure in a microwave oven for 5 min in citrate buffer pH 6 (Figure 1 ).
immunohistochemistry
IHC was carried out according to standard protocols. Briefly, TMA sections were dewaxed in xylene and rehydrated, antigen retrieval was carried out as above, sections were blocked for endogenous peroxidase, followed by antibody incubation (see above). Staining was developed using EnVision and diamino benzidine before slides were counterstained in haematoxylin, dehydrated and mounted in neutral disterene dibutyl phthalate xylene.
manual evaluation of IHC
One breast TMA containing 156 cores of primary breast tumours and paired node TMA (92 cores) were scored for ER (Allred 0-8), PR (Allred 0-8) and HER2 (HerceptTest 0, 1+, 2+, 3+) by two independent observers (SJA and DF), one of whom is a pathologist, following training in IHC as described previously [10] .
FISH
FISH was carried out in order to identify HER2-amplified tumours, according to the manufacturer's instructions (DAKO PharmDx). One breast TMA (156 cores) and matched node TMA (92 cores) were studied. Twenty nuclei in each core were scored, and a ratio calculated: <1.8 (gene = red : centromere = green) scored negative, 1.8-2.2 scored borderline and >2.2 scored positive, according to current guidelines [19] .
AQUA image analysis
AQUA HistoRx image analysis was used to visualise and quantify protein expression, as described previously [15] . Using AQUAsition software, monochromatic images of each TMA core were acquired at ·20 objective through DAPI, CY3 and CY5 channels using an Olympus AX-51 epifluorescence microscope. These high-resolution digital images were then analysed using AQUAnalysis software.
protein expression analysis
AQUAnalysis software was used to calculate the quantity (AQUA units = Au) of target protein within the nuclei/cytoplasm for each protein.
Images were manually quality checked (SJA and DF) to crop aberrant imaging artefacts and exclude them from analysis. Additionally, all normal mammary ducts and ductal carcinoma in situ (DCIS) were cropped to ensure that only invasive cancer was included in the analysis. If the epithelium comprised <5% of total core area, the core was excluded to ensure that a sufficient area of representative tumour was available for analysis, as previously described [15] .
statistical analysis
AQUAsition data were matched to anonymised TMA maps, and mean AQUA scores were calculated for corresponding triplicate cores. The interobserver variation between the scoring of nuclear ER and PR and membrane HER2 by manual and automated methods was assessed by After TMA construction, staining, scanning and analysis, 385 patients were included in the full analysis (of the original 521). The primary tumour size, grade and node status are shown in Table 1 . In order to establish whether quantitative image analysis showed advantages over traditional scoring methods and to define cut-points (negative versus positive), we compared AQUA scores with IHC (Allred and HerceptTest) and FISH. Cut-points were ER = 58Au, PR = 43Au and HER2 = 433Au (HER2 IHC = 392Au, HER2 FISH = 475Au), defined as described in the 'Materials and methods' section. Representative immunofluorescence for ER, PR and HER2 are shown in Figure 1 . One breast TMA (156 cores) and matched node TMA (92 cores) were scored; all cores that were scored HER2 positive on IHC were also FISH positive (n = 29), and all but two IHC-negative cores (n = 219, 99%) were also FISH negative. AQUA scores for ER, PR and HER2 show a good correlation with IHC (PRC: r = 0.66, 0.68 and 0.50, respectively). There is a continuous distribution of AQUA scores, with a particularly wide distribution at higher IHC scores ( Figure 2 ); ER Allred 8 shows scores from 275-1200Au. This demonstrates the value of quantitative analysis, especially at higher intensity staining. This led us to investigate whether accurate quantitative measurement of receptor expression could detect significant differences between primary tumours and nodal disease.
quantitative changes in receptor expression occur between primary and nodal disease
Since changes in receptor expression in nodal disease could alter therapeutic response to endocrine therapy or trastuzumab, we initially investigated whether there were binary differences in receptor expression (i.e. positive breast with negative lymph node or vice versa) using cut-points described above and subsequently the magnitude of change between primary and nodal disease.
Most primary tumours retained their original status in nodal metastases for all three markers. Of the 84 ER-negative and 110 ER-positive tumours, 139 (71.6%) had the same node Table 2 ). In order to establish whether these binary changes in receptor expression were of low magnitude, and therefore unlikely to be of clinical significance, we investigated the magnitude of change between primary and nodal receptor expression.
Although the average change in AQUA score was not significantly different between primary and nodal disease (Student's t-test, P = 0.66, 0.84 for ER and PR, respectively), many cases had both binary and large quantitative changes in expression of molecular markers; 17.5% and 13.0% of tumours showed twofold or greater decrease in ER or PR expression, with 8.2% and 7.8% showing twofold or greater increase in expression. Furthermore 11.3% and 10.4% of tumours showed fivefold or greater decrease in ER and PR expression, with 4.1% and 4.2% showing fivefold or greater increase in expression (Figure 3) .
Overall, HER2 expression in nodal disease was significantly higher (461Au, n = 195) than primary disease (235Au, n = 379) (Student's t-test, P = 0.00001). Of the 14 HER2-positive primary tumours with HER2-negative nodes, all showed a twofold or greater decrease, and 12 had a fivefold decrease or greater; of the three HER2-negative breast tumours with HER2-positive nodes, all had twofold or greater increase, and two had fivefold or greater increase. Within the subset of tumours scored using AQUA, IHC and FISH, there were several examples displaying disparity between breast and node HER2 status, which was confirmed by all three methodologies.
changes in TNP between primary and nodal breast cancer
A three-marker molecular phenotype was defined for each primary and secondary tumour (ER, PR and HER2); tumours with incomplete profiles were not classified. In this series, 39 primary tumours (18.6%) were TNP, in line with previous data [14] . Of this group of poor prognosis cancers, 30 (76.9%) also had corresponding TNP nodes (Table 3 ). Of those with a different nodal phenotype, five (12.8%) and three (7.7%) changed to ER/PR-positive or HER2-positive, respectively, with a mean change of 165Au for ER (n = 5), 214Au for PR (n = 2) and 1372Au for HER2 (n = 3).
discussion
It is well established that there is heterogeneous expression of molecular markers between different breast cancer patients. However, there is relatively little information on how expression differs within the same patient i.e. between primary and metastatic disease. For the purposes of therapy and clinical trial design, the assumption is made that any remaining locoregional, distant or micro metastatic disease is identical in molecular phenotype to the primary lesion, although molecular analysis in primary tumour is also dictated by availability of material. However, this may be not appropriate since secondary disease has acquired new biological characteristics in order to gain access to blood vessels/lymphatics, travel through circulating blood/lymph and colonise a remote site [20] . Some of these molecular alterations may be associated with changes in receptor status since endocrine and growth signalling pathways have been shown to be involved in invasion and metastasis [21, 22] . This heterogeneity might account for a significant proportion of treatment failure since distant disease is more likely to be the target for adjuvant systemic therapy after initial surgery and radiotherapy. Indeed, local relapse rates for breast cancer are very low (3.1%) [23] . Translational studies of predictive tissue biomarkers within phase III clinical trials all measure primary tumour receptor expression; heterogeneity between primary and metastatic disease is consequently a neglected area of study which might impact on trial analysis. We therefore sought to investigate quantitative differences in receptor expression levels between primary and nodal disease, which may be an alternative explanation for therapeutic resistance to targeted therapy in breast cancer. Using a combination of TMA and AQUA technology, we examined large numbers (n = 385) of primary tumours and paired lymph node metastases HER2, human epidermal growth factor receptor 2; TNP, triple-negative phenotype; n/a: incomplete profile. n/a refers to cases in which there was insufficient material available for accurate quantification and classification (e.g. in small nodal metastases).
original article Annals of Oncology (n = 211), in triplicate, for three molecular markers, which is the largest study of its kind to scrutinise all three markers. Manual scoring of ER, PR and HER2 relies on human observers estimating the percentage and/or intensity of reactive cells, resulting in semi-quantitative and categorical variables (Allred 0-8 for ER/PR, 0-3 for HER2). These are then reported as ER 'positive' (Allred 3-8) or 'negative' (Allred 0-2), according to clinical practice and inclusion in endocrine therapy trials [24] . Previous attempts have been made at manual quantification of staining, but we have used more accurate quantitative immunofluorescence to measure protein expression [15] . We have shown that there is a continuous spectrum of ER expression, with ER-negative tumours (Allred 0-2) scoring <58Au, Allred 3-7 corresponding to 58-274Au and Allred 8 showing a wide range from 275 to 1200Au. This wide dynamic range of staining is missed by conventional IHC scoring because visually they all appear the same (Allred 8). Understanding and quantifying heterogeneity of expression is especially critical since it is emerging that response to therapy is often a quantitative phenomenon dependent on the concentration of protein within the tissue, indicating that robust quantitative methodologies are important in molecular analyses [15, 25, 26] .
Analysing ER, PR and HER2 expression showed that approximately one-third (n = 82, 39.0%) of cases have a different molecular phenotype between primary and secondary tumours. Thirty-five cases (18.0%) changed from ER-positive breast to ER-negative node (comparable to [27, 28] ), of which 31 had twofold or greater decrease and 23 had fivefold or greater decrease. A further 20 cases (10.3%) changed from ER-negative breast to ER-positive node, of which 18 had more than twofold increase and 10 had more than fivefold increase in expression. This is in keeping with previous studies, where it has been shown that discordant cases more commonly shift from positive breast to negative node than vice versa [29, 30] . Since a proportion of ER-positive patients fail to respond to tamoxifen and have a poor outcome, it is possible that patients with ER-positive primary tumour but ER-negative nodes are inappropriately treated with endocrine therapy and might therefore be spared unnecessary therapy and unpleasant side-effects. Also, the wide range of expression of ER at Allred 8 scores might predict a range of responsiveness. Overall, HER2 expression is twice as high in nodal metastases compared with primary disease, and 9.9% of patients display disparity in HER2 status. In this instance, a majority of these are from HER2-negative breast to HER2-positive nodes; these patients with 'HER2-negative' disease are denied trastuzumab despite the potential to manage their systemic disease. In all, 79.9% of patients with changed receptor status had not received any neoadjuvant therapy, so while this may have an effect, most changes are independent of therapy. 
Annals of Oncology original article
More recently, new molecular subgroups of breast cancers have been defined by gene expression profiles [14, 31] . TNP and basal-like breast cancers tend to be higher grade and have a poorer prognosis than other molecular subtypes [14, 31] . By definition, they are not amenable to traditional endocrine therapies or trastuzumab, although they may be more sensitive to platinum-based therapy [14] . We have shown that TNP primary tumours are only associated with TNP nodal disease in 76.9% (n = 39) cases, indicating that following surgical resection and identification of ER-positive or HER-positive nodes, these patients might respond to hormone/biological therapy for which they are not currently considered. Therefore, not only do changes occur, as previously described, but also the magnitude of change in expression is frequently very large, which might influence treatment response.
In the current study, a higher proportion of cases show disparate receptor status between primary and nodal disease compared with some previous studies [32] [33] [34] [35] [36] [37] [38] [39] (for a full comparison with published literature, see Table 4 [27-30, 32-46]), for which there are several possible explanations. First, we have used a different means of measurement which is more sensitive than traditional methods (AQUA versus manual IHC), which might explain some changes in nodal expression which would not be detected by IHC. Secondly, we have used TMAs rather than whole sections, and although this methodology has been validated as representative of whole sections [47] , we cannot exclude that some differences may be due to core selection bias. Finally, our study population is biased towards patients with large or high-grade invasive breast carcinomas, while other studies include a broader population of patients. It was shown in [40, [44] [45] [46] that patients with distant metastases showed lower concordance between breast and metastases than those where only local lymph nodes were included. This indicates that in more advanced disease there is more likely to be a receptor status/ phenotype change, which may be reflected in our high-grade tumour population.
Given that nodes are excised in standard surgical practice, as sentinel node biopsy, axillary node sample, or node clearance, and assessed by a pathologist for routine staging, our data show that there may be added benefit to molecular testing on nodal metastases as well as the primary tumour in order to guide adjuvant therapy. While this might incur additional financial costs for specimen processing and molecular analysis, savings could be made by avoiding overtreatment. This would reduce morbidity for patients and ultimately has to potential to produce more favourable clinical outcomes.
While a majority of patients have the same receptor status in both primary and nodal disease, some do vary, whose postoperative management might be different if this information was available. Using new high-throughput technology, we have highlighted the quantitative changes that occur in receptor expression within a patient, which may confer increase therapeutic sensitivity or resistance to targeted therapy. Unfortunately, the current study is underpowered to demonstrate the effect of differing node expression on clinical outcome. Ultimately, the effect of stratifying patients on the basis of nodal receptor expression will need to be tested in the context of a prospective phase III clinical trial. 
